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Elastocaloric cooling systems can evolve into an environmentally friendly alternative to
compressor-based cooling systems. One of the main factors preventing its application is a
poor long-term stability of the elastocaloric material. This especially applies to systems that
work with tensile loads and which benefit from the large surface area for heat transfer.
Exerting compressive instead of tensile loads on the material increases long-term stability—
though at the expense of cooling power density. Here, we present a heat transfer concept for
elastocaloric systems where heat is transferred by evaporation and condensation of a fluid.
Enhanced heat transfer rates allow us to choose the sample geometry more freely and
thereby realize a compression-based system showing unprecedented long-term stability of
107 cycles and cooling power density of 6270W kg−1.
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Refrigeration technology is increasingly used worldwide,resulting in continuous growth of energy consumption1.The demand for refrigeration is largely covered by
compressor-based systems. These systems work with refrigerants
that are often harmful, flammable or restricted due to their
greenhouse impact2. Meeting the growing demand for cooling
technology and at the same time complying with the climate
targets set by the Paris Agreement is becoming more and more of
a challenge3.
Caloric cooling systems, based on the elasto-, magneto-, elec-
tro- or barocaloric effect4, could be a solution: Caloric cooling
systems are potentially more efficient than compressor-based
systems5 and operate without harmful refrigerants. Elastocaloric
cooling system (ECS) use elastocaloric materials (ECM) such as
nickel-titanium alloys4. These alloys are commercially available
since they are widely used as shape memory alloys for example in
actuators or medical implants. In ECMs, the material’s micro-
structure changes from the austenitic to martensitic phase when
exposed to a load, resulting in a reversible temperature change of
the material. This “elastocaloric effect” can be induced by tensile
and compressive loads6 as well as by bending and torsion7. In
ECMs, the mechanical stress induces a reversible, exothermic
process that increases the material temperature and allows heat to
be released into the environment. When removing the load, the
reverse process occurs4: The material cools down, heat can be
absorbed. By cyclic repetition of this reversible process, thermal
energy can be transferred from a cold to a hot reservoir. The heat
flow is proportional to the amount of ECM and the load fre-
quency applied to the ECM.
For application in a commercial product, the ECM has to
endure the reversible phase transformation process up to billions
of times without failing8,9. Long-term stability is discussed as a
major challenge for ECS9–13.
In order to realize an ECM-based cooling system or heat pump,
a unidirectional heat flow from heat source to heat sink has to be
established. This heat flow is usually implemented by heat con-
duction between solids, which alternately contact the heat source
and the heat sink14–17, or by convection with a fluid like air or
water being actively pumped alongside the ECM18–22. In their
ECS, Tušek et al.21 apply a tensile load on the material and pump
water through stacked ECM plates to the heat source and sink.
Engelbrecht et al.20 measured a temperature span of 19.9 K in a
further development of this ECS. However, the material failed
after 5,500 cycles. The largest temperature span of 28.3 K was
recently measured by Snodgrass and Erickson18 in a three stage
setup using liquid water for convective heat transfer. In this ECS,
material failure occurred after 300 cycles. In the first published
compression-based ECS by Qian et al.23,24, water is pumped
through tubes made of ECM. Here, a maximum temperature span
of 4.7 K and a cooling power of 65W, corresponding to a specific
cooling power of 500–600W kg−1, was achieved using more than
100 g of ECM. Data on the long-term stability of this system were
not provided.
A comparison of the long-term stability of different nickel-
titanium based ECM-samples is given in Fig. 18–11,13,25–33. For
bulk materials, compressive loading shows a significantly better
long-term stability than tensile loading6,9,13,34,35. The largest
values for compressive loading were achieved by Chen et al.9 and
Zhang et al.13 with more than 107 cycles. Porenta et al.31 used
thin-walled tubes, which withstood more than 106 cycles under
compression, keeping up an adiabatic temperature change of
27 K. The same long-term stability was shown by Hou et al.11 for
additive-manufactured nickel-titanium samples.
Tensile loading on the other hand is more likely to cause
premature material failure, since even very small cracks in the
ECM lead to local overload and subsequently to crack growth6,12.
However, Chluba et al.10 achieved 107 cycles without material
failure in tensile tests with a film of a TiNiCu alloy. Generally,
ECS based on films are mainly interesting for miniature scale
applications due to the small amount of ECM and the limited
cooling power associated with it.
One challenge for compression-based systems with cylindrical
or tube-shaped samples is a smaller surface-to-volume ratio
compared to tension-based systems, since buckling has to be
prevented. Thus, for these systems a large heat transfer coefficient
between ECM and heat sink and source is even more important
to attain high cooling power densities: The higher the heat
transfer coefficient, the smaller the heat transfer surface of the
ECM can be.
In this work, we present a system concept, which we call ‘active
elastocaloric heat pipe’ (AEH). The AEH reaches unprecedented
long-term stability and cooling power density. The key of this
concept is to combine compressive loading of the ECM and latent
heat transfer by condensation and evaporation of a fluid
(water)36.
Results
Active elastocaloric heat pipe (AEH). Passive latent heat transfer
is commonly used in heat pipes as well as thermosiphons37 and
was already realized in a magnetocaloric cooling system38. Here, a
fluid present in both liquid and gaseous state is contained in a
hermetically sealed container. All non-condensable gases (nitro-
gen, oxygen, etc.) have been removed. In such a two-phase sys-
tem, pressure is a function of temperature, determined by the
vapour-pressure curve of the fluid (water)39. Thus, if the tem-
perature increases on the container’s hot side, water evaporates,
leading to an increase in pressure and condensation on the cold
side. This way a very fast heat transfer is established. Since water
is characterized by very large enthalpy of evaporation, a small
amount of water can transfer a great amount of heat, enabling
heat transfer coefficients that are orders of magnitude larger than
e. g. convective heat transfer.
The AEH consists of several elastocaloric segments, which are
thermally connected in series and compressed by a crankshaft
































































































































































Fig. 1 Long-term stability of nickel-titanium based alloys quantified in
material-test-setups. Only results of samples that lasted at least 103 cycles
are shown. The maximum number of cycles measured experimentally are
shown for tensile in (a) and compressive loading in (b). Film samples are
indicated in yellow. A red frame marks a sample that failed at the end of the
test. Bars with a black frame indicate tests that were stopped after a certain
number of cycles without detection of material failure (runout). Material
composition, sample shape, amount of material, stress, strain, frequency
and temperature vary for each sample8–11,13,25–33.
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(Fig. 2a). Each of these hermetically sealed segments contains the
ECM, the heat transfer fluid and passive check valves. By
alternately compressing the ECM in each segment, a unidirec-
tional gas flow is established and heat is transferred from the
evaporator (heat source) to the condenser (heat sink) (Fig. 2b).
The check valves on each side of the segments direct the gaseous
fluid and thereby the heat flow. The valves open and close due to
the temperature-induced pressure change in each segment. Liquid
fluid is accumulated in the condenser and transferred back to the
evaporator through a throttle like in a conventional refrigeration
system.
A single stage AEH-system was built using six commercially
available tubes of Ni56,25Ti43,73 showing an adiabatic temperature
change of 17.2 ± 0.5 K at a compressive stress of 1234 ± 7.3 MPa
(Supplementary Fig. 1). A total mass of 1.26 g of this material was
integrated into the segment. Check valves were used to direct the
flow of the heat transfer fluid (water)40. The condenser was
connected to a thermal bath for temperature control at 21 °C,
while the evaporator was thermally isolated to the environment.
A heating wire was wrapped around the evaporator in order to be
able to apply a certain heat load to the cold side. The system was
characterized at different frequencies and heat loads by measur-
ing the pressure difference between evaporator and condenser.
The ECM is compressed along a sinusoidal stress profile with a
maximum stress of 1226 ± 70MPa. During these characterisa-
tions the throttle is closed and therefore does not influence the
measurement.
Characterisation of the AEH. The AEH was characterized for
different frequencies and heat loads. A maximum temperature
span of 5.6 K for zero load and a maximum cooling power of
7.9W for zero temperature span, corresponding to a maximum
specific cooling power of 6,270W kg−1, was measured for a
system frequency of 1.2 Hz. For intermediate values, a linear
relationship between temperature span and cooling power was
found (Fig. 3), which is in accordance with the theoretically
expected relationship for such a system41. After this initial
characterization, the system was operated at 10 Hz to exert several
millions of load cycles on the ECM.
For a quick test to validate that the system is working without
performance losses, review tests were performed at 0.8 Hz with
0W as well as with 2W heat load (Fig. 3a). After 4.5 × 106 and
107 cycles, the system was fully characterized again with the same
frequencies and heat loads as at the beginning (Fig. 3b).
The system shows a very stable performance with a decrease in
maximum temperature span of <8% after 10 million cycles, and
no failure of material could be detected.
Discussion
The long-term stability shown for this AEH-system exceeds that
of all other ECSs reported in the literature by orders of magni-
tude. Furthermore, due to the improved heat transfer, the specific
cooling power is improved by one order of magnitude if com-
pared to the compression-based ECS of Qian et al.23.
A comparison of long-term stability and cooling power for
tensile loaded ECS with the compression-based AEH-system is
shown in Fig. 410,15,18,20–22,24,42. It can be seen that two systems
show material failure after several hundred cycles, achieving a
cooling power of several tens to hundreds of milliwatts15,18. Thin-
film samples of the TiNiCu-alloy, that showed a long term sta-
bility of 107 cycles in a material test setup10, demonstrated a
cooling power of 0.222W in a tension-based ECS built by Brü-
derlin et al.22. Accordingly, bulk samples of NiTi, which lasted
5200 cycles in a material test setup20, showed a cooling power of
4.5W in an ECS built by Tušek et al.21.
Compared to these systems, the AEH shows an improvement
in both long-term stability and cooling power by orders of
magnitude.
The compression-based ECS presented in this work for the first
time achieved more than 107 cycles with only a slight









Fig. 2 Functional schematic of an active elastocaloric heat pipe (AEH). a AEH cooling unit of a refrigerator consisting of five segments connected in series
between evaporator and condenser. b shows the elastocaloric cycle in only one segment of an AEH: I: The ECM heats up under load. The fluid on the
surface of the ECM evaporates, the vapour pressure in this segment increases. II: Caused by the pressure difference between this segment and the next
segment, the right check valve opens. Gaseous fluid flows into the next segment. III: By removing the load, the ECM cools down. IV: Fluid from the gaseous
phase condenses, the vapour pressure decreases to a level below the pressure in the previous segment. The left check valve opens and gaseous fluid flows
into the segment.
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performance drop, showing no material failure. This proves that
one of the major challenges for elastocaloric cooling on its way to
commercialization can be resolved by choosing a compression-
based concept for ECSs. At the same time, it was possible to show
a cooling power of 7.9W corresponding to a specific cooling
power of 6,270W kg−1, which means nearly one order of mag-
nitude increase compared to the best ECS-systems based on bulk
ECMs21. This was possible by using latent heat of fluid during
evaporation and condensation for a fast and efficient heat transfer
to heat sink and source. By connecting several segments in series,
the maximum temperature span of the AEH can be significantly
increased in the future. Hereby, the specific cooling capacity
approximately scales inversely to the number of cascaded
segments41,43, while the second law efficiency of the system is
independent from the number of stages.
In this work the loading of the elastocaloric material was done
by compression. It is also possible to adapt the AEH concept to
tensile loading, potentially leading to even larger specific cooling
capacities.
Thus, latent heat transfer in elastocaloric cooling systems can
pave the way to many applications for an energy-efficient and
environmentally friendly alternative to existing cooling
technologies.
Methods
Material. The ECM used in the setup are nickel-titanium tubes with 56.25 wt%
nickel and 43.73 wt% titanium (alloy contents below 0.03% are not listed) with an
austenite finishing temperature of Af =−1.4 °C and were purchased from
EUROFLEX GmbH. According to manufacturer’s specifications, the tubes have an
outer diameter of 2.40 ± 0.01 mm and an inner diameter of 1.45 ± 0.04 mm. The
tubes were cut and polished to a length of 11.005 ± 0.010 mm. The specific heat
capacity of the alloy is 540 ± 90 J kg−1 K−1 and was measured by Ingpuls GmbH in
a differential scanning calorimeter.
Before measuring the adiabatic temperature change, the ECM was trained over
more than 2,000 cycles. The adiabatic temperature span was then measured in a
self-made experimental material characterization setup, giving 17.2 ± 0.5 K for
loading and 11.9 ± 0.5 K for unloading for a compressive stress of 1234 ± 7MPa
(Supplementary Fig. 1). The uncertainty of the temperature results from the
specifications of the thermocouple manufacturer and the uncertainty of the stress
results from the manufacturer’s specifications of the force sensor from
HBM GmbH.
Setup of single-stage AEH-system. Supplementary Fig. 2a shows the experi-
mental setup for long-term-stability measurements of the single-stage AEH-system.
The system consists of a crankshaft that compresses one elastocaloric segment,
which is located between evaporator and condenser. The eccentricity the crankshaft
is 300 µm with a tolerance of ± 30 µm. The force is measured with the sensor C10
Force Sensor from Hottinger Baldwin Messtechnik GmbH and determines the
maximum stress. The maximum load is Fmax= 21 kN with a reading accuracy of
1 kN. This corresponds to a maximum stress σmax of 1226 ± 70MPa.
Supplementary Fig. 2b shows the elastocaloric segment consisting of two
connectors holding the check valves (Supplementary Fig. 2d) and a bellow, where
the compressive force can be applied to. Six tubes of Ni56,25Ti43,73 were fixed by
sample holders to prevent them from slipping (Supplementary Fig. 2c) and are
integrated into the segment.
The check valves (Supplementary Fig. 2d) separate the evaporator and
condenser from the segment. With water as heat transfer fluid, a temperature
difference of 1 K across the check valve results in a heat flow of 166W in forward
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Fig. 3 Long-term stability of the active elastocaloric heat pipe (AEH). a The temperature span versus the number of cycles n at a frequency of 0.8 Hz is
plotted in green with zero and in orange with 2W of heating load at the evaporator. The data are in agreement with a linear for the entire measurement
series (lines). The linear fit for the maximum temperature span ΔT is ΔT ¼ 5:2K n  3:8  108 K, for 2W it is ΔT ¼ 3:1 K n  5:2  108 K. Error bars as
calculated as described in the methods. b Measurement of the temperature span at different heat loads at a frequency of 0.8 Hz. The data points at the
beginning of the long-term measurement are shown in green, after 4.5 × 106 cycles in orange and after more than 107 cycles in grey. The linear fit is
expected41. The calculation of the errors is given in the methods.
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Fig. 4 Comparison of cooling power and long-term stability of different
elastocaloric cooling systems (ECS) or material test
setups10,15,18,20–22,24,42. A square indicates tests under tensile load, the
star indicates compressive load. A red frame around the data point
indicates the value at which the sample in a test failed. A black frame marks
tests that were stopped after a certain number of cycles (runout). Data
without reported cycle stability are shown in grey. Material composition,
sample shape, amount of material, stress, strain, frequency and
temperature vary in the results plotted. Both, the work of Brüderlin et al.22
and Chluba et al.10 as well as Engelbrecht et al.20 and Tušek et al.21 are
marked green, since they have demonstrated their long-term stability in a
material test setup rather than in an ECS.
ARTICLE COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-021-00697-y
4 COMMUNICATIONS PHYSICS |           (2021) 4:194 | https://doi.org/10.1038/s42005-021-00697-y | www.nature.com/commsphys
direction. For AEH-systems aiming for larger cooling power, these check valves can
become a limiting factor. In that case, check valves with a larger cross-section need
to be implemented. In the backward direction, the heat flow for a temperature
difference of −1 K is 0.01W40.
Preparation of heat transfer fluid. In order to have fast heat transfer by eva-
poration and condensation of the water, all non-condensable gases have to be
removed from the system. For this purpose, the water is frozen and the gas phase is
removed using a vacuum pump from Gardner Denver Thomas GmbH. After
melting and refreezing the water, this procedure is repeated five times in order to
remove non-condensable gases that were dissolved in the solid phase.
Temperature measurement in two-phase region. In the two-phase region, direct
temperature measurements using e.g., thermocouples are inaccurate due to poor
heat conduction of the thin gas atmosphere. Therefore, pressure sensors (CMR 371,
1,000 hPa F.S.) from Pfeiffer Vacuum GmbH are used for pressure measurement.
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Although sensor specified for measurement in the two-phase region of water
were used, an offset between the pressure sensors was observed, apparently due to
some condensation of the liquid on the sensors membranes. To quantify this offset
and account for the subsequent measurement uncertainties, measurements were
made with the two pressure sensors in a contiguous volume. The results of these
measurements are listed in (Supplementary Table 1). The mean value of these
differences is pd=−0.72 mbar, its standard deviation to Sp=−0.17 mbar.
In the experiments of the elastocaloric system, the pressure values were shifted
by half of this mean pressure difference, and the measurement uncertainty was
quantified using its standard deviation. The measurement uncertainties of the
temperatures were then determined using Gaussian error propagation.
Uncertainty of thermal load. The thermal load on the cold side is applied by an
electrical wire, which is heating the evaporator. Since the electrical resistance of the
wire and the applied current and voltage can be quantified by large accuracy, the
main source of uncertainty of the thermal load on the cold side is based on an
insufficient isolation of the evaporator. Hereby, the maximum heat loss through this
isolation occurs, when the temperature difference between evaporator and envir-
onment is maximal, i.e. for ΔTmax=5.6 K. With an estimate of the thermal resistance
of the isolation Risoth , this maximum heat loss is given by Q
iso
max ¼ ΔTmaxRisoth . For the
isolation, polyethylene foam with a thermal conductivity λ= 0.04Wm−1 K−1 is
used, in which the evaporator is embedded. A cross-sectional view of the evaporator
with insulation is shown in Supplementary Figure 3. The evaporator has the shape
of a tube with a radius ri= 8 mm and length L= 0.3m. The evaporator is wrapped
into the polyethylene insulation with a thickness of 15mm. Thus, the outer radius of
the insulation is ra= 23 mm, the inner radius ri= 8 mm. The thermal resistance of
this concentric, tube-shaped isolation is then given by:
Risoth ¼
ln ramm






This results in a maximum heat loss through the isolation of Qisomax ¼ 0:4W,
giving an upper estimate of the uncertainty of the thermal load.
Surface to volume ratio determined by critical stress under compressive load
of ECM. When the ECM is loaded under compression, one has to make sure that
no buckling of the ECM occurs. According to Euler’s buckling modes, the critical
load Fcrit for a cylinder is given by Fcrit ¼ 4π
2EI
l2 . E is the Young’s modulus, I ¼
πr4=4 the area moment of inertia, r the radius and l the length of the ECM. With
the mass of the cylinder m ¼ ρπr2l and the density ρ, the radius can be expressed
as r ¼ 2mρA and the length as l ¼ ρA
2
4πm, where A ¼ 2πrl denotes the surface area of the
ECM-cylinder used for heat transfer.











The critical stress is inversely proportional to the surface area of the cylindrical
sample A to the power of six.
Additional measurement results. As an example for the transient pull-down
when the system is started, temperature data of evaporator and condenser are
shown in Supplementary Figure 4 for a system frequency of 0.8 Hz.
Supplementary Fig. 5 shows the measured steady state temperature span for
different applied heat loads of the AEH at the beginning of the long-term
measurement at 0.4 Hz, 0.8 Hz, 1.2 Hz and 1.5 Hz. The experimental data are in
line with the theoretical model by Hess et al.41, which was fitted to the data. There
it is shown that the heat flux is linear for frequencies smaller than the cut-off
frequency. For higher frequencies the heat flow goes into saturation. The heat flux
can be expressed as a function of the frequency, the cut-off frequency and the
maximum heat flux. A maximum cooling power of 7.9W at a temperature span of
0 K for a frequency of 1.2 Hz was measured. This corresponds to a maximum
specific cooling power of 6270W kg−1.
Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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